Viruses interact with the host ubiquitination system in a variety of ways. Viral proteins are often a substrate for ubiquitination, which leads to proteasomal degradation. Viruses also have functions to modify the cellular ubiquitination machinery. Recently, deubiquitinating protease (DUB) activity has been found in many viral proteins. In herpesviruses, the DUB domain is found within the large tegument protein, which is conserved in all members of the herpesvirus family. Although a limited number of viral and cellular targets have been identified to date, accumulating evidence shows that herpesviral DUBs may primarily target key cellular regulators of immune signaling pathways to promote viral replication. In this review, we summarize the recent findings on viral DUBs. In particular, we focus on the herpesviral DUBs and their targets, and discuss their potential roles in the regulation of immune signaling pathways.
Introduction
Ubiquitin is a 76-amino acid molecule that is conjugated to a lysine residue of the target protein. Covalent modification of a protein by ubiquitin (ubiquitination) occurs through an enzymatic cascade comprised of a single ubiquitin-activating enzyme (E1), dozens of ubiquitinconjugating enzymes (E2s), and hundreds of ubiquitin E3 ligases (E3s) (1) . Ubiquitin is synthesized as a precursor, and its carboxy-terminal end is removed by specific ubiquitin carboxy-terminal hydrolases (UCHs). 
Virus-encoded deubiquitinating proteases
Viruses interact with the host ubiquitination system in a variety of ways. Many viruses encode proteins that can modify the ubiquitination machinery, often altering substrate specificity to favor viral replication. Viral proteins themselves can be directly modified by ubiquitin. Moreover, some viruses encode a ubiquitin E3 ligase or a DUB (7~9).
Recently identified viral DUBs include the adenovirus protease adenain, severe acute respiratory syndrome- 
HSV-1 UL36
HSV-1 is a representative member of the alpha- 
HCMV UL48
In HCMV, which belongs to members of the betaherpesvirus subfamily, the largest tegument protein UL48 is the homolog of HSV-1 UL36. The UL48 DUB is identified using a suicide substrate probe specific for ubiquitinbinding cysteine proteases in virus-infected cells (15) . This DUB activity is mapped to the first 359 amino acids of the N-terminal region of UL48 (35) . The bacterially purified UL48 DUB is shown to contain UCH activity that is specific for ubiquitin, but not for other ubiquitin-like proteins such as ISG15, SUMO, or Ufm1. Analysis of the Figure 1 . Amino acid alignment of the conserved catalytic active site region of the DUB domains from human herpesviruses. Amino acids in the conserved region surrounding the active site cysteine residue in the DUBs of human herpesviruses are aligned. Black boxes indicate conserved residues, and grey boxes indicate similar residues. The cysteine, aspartic acid, and histidine residues in the catalytic triad are indicated by asterisks.
bacterially purified UL48 DUB and the full-length UL48 protein immunoprecipitated from virus-infected cells shows that the UL48 DUB cleaves both K48-and K63-linked ubiquitin dimers and oligomers. Thus, the UL48 DUB falls into a DUB family that contains both UCH and USP activity.
Mutations in active site residues (C24 and H162) completely abolish DUB activity, and the virus containing the UL48 (C24S) gene is not lethal and shows moderately reduced growth compared to wild-type virus. This demonstrates that the DUB activity of HCMV can influence viral replication in cultured cells (35) . Interestingly, the UL48 DUB has a higher ubiquitin depolymerizing activity for K63-linked polymers than for UL48-linked polymers (35) .
Since the substrate for the UL48 DUB has not been identified, the mechanism by which the HCMV DUB promotes viral replication remains undetermined. It may increase the stability of target proteins by inhibiting K48-linked polyubiquitination. Considering that UL48 DUB Figure 2 . The NF-κB and IRF3 signaling pathways and the targets of herpesvirus DUBs. In EBV latent infection, NF-κB is activated by viral LMP1. TRAF6 associates with LMP1 and is constitutively polyubiquitinated. Activation of NF-κB confers cell survival and inhibits the spontaneous induction of lytic replication. Once lytic replication is induced, BPLF1 deubiquitinates and inactivates TRAF6 to block NF-κB signaling, promoting efficient viral genome replication. RIG-I is a cytosolic RNA sensor that recognizes viral RNA. Ubiquitination of RIG-I promotes its association with MAVS, and ubiquitination of TRAF3 mediates recruitment of the TBK1/IKKε complex, leading to activation of IRF3. KSHV ORF64 and HSV-1 UL36 deubiquitinate RIG-I and TRAF3, respectively, thus inhibiting the RIG-mediated activation of IRF3 and type I IFN production. 
EBV BPLF1
In EBV, a member of the gamma-herpesvirus subfamily, BPLF1 is the homolog of the HSV-1 UL36. BPLF1 contains DUB activity within the first 205 amino acids of the N-terminal region, and mutation of the active site cysteine results in a complete loss of enzymatic activity (8, 14) . Like the UL36 and UL48 DUBs, the BPLF1 DUB cleaves both K48 and K63 polyubiquitin chains (37) . A functionally active BPLF1 fragment has been shown to block degradation of cytosolic and endoplasmic reticulum (ER) proteins by removal of ubiquitin from substrates (38) . demonstrated that once lytic replication is induced, BPLF1
deubiquitinates TRAF6 to block NF-κB signaling, and that this process is important in promoting efficient viral genome replication (42) (Fig. 2) .
KSHV ORF64
The ORF64-encoded protein of KSHV, a member of the gamma-herpesvirus subfamily, has been identified as a lytic protein that is present in the tegument region and appears to act as a scaffold protein during tegumentation (19) . ORF64 can also catalyze cleavage of both K48 and 
